Abstract Flexible manufacturing system (FMS) is a highly integrated manufacturing system. The relation between its components is very complex. The mathematical programming approaches are very difficult to solve for very complex system so the simulation of FMS is widely used to analyze its performance measures. Also the FMS components are very sophisticated and costly. If FMS has to be implemented then it is better to analyze its results using simulation which involves no loss of money, resource and labor time. As a typical discrete event system FMS have been studied in such aspects as modeling and performance analysis. In this paper, a concept and implementation of the Petri nets for measuring and analysis of performance measures of FMS is applied. Also the system has been modeled in Visual Slam software, i.e. AweSim. The other well defined mathematical technique, i.e. bottleneck technique has also been applied for the purpose of comparison and verification of the simulation results. An example FMS has been taken into consideration and its Petri net model, AweSim model, and mathematical model has been constructed. Several performance measures have been used to evaluate system performance. And it has been found that the simulation techniques are easy to analyze the complex flexible manufacturing system.
Introduction
In the present market scenario, the customer demand and specification of any product changes very rapidly so it is very important for a manufacturing system to accommodate these changes as quickly as possible to be able to compete in the market. This evolution induces often a conflict for a manufacturing system because as the variety is increased the productivity decreases. So the flexible manufacturing system (FMS) is a good combination between variety and productivity. In this system, the main focus is on flexibility rather than the system efficiencies. A competitive FMS is expected to be flexible enough to respond to small batches of customer demand and due to the fact that the construction of any new production line is a large investment so the current production line is reconfigured to keep up with the increased frequency of new product design.
The optimal design of FMS is a critical issue and it is a complex problem. There are various modeling techniques for FMS; the most common one are based on mathematical programming. FMS is a highly integrated manufacturing system and the inter-relationships between its various components are not well understood for a very complex system. Due to this complexity, it is difficult to accurately calculate the performance measures of the FMS which leads to its design through mathematical techniques. Therefore, computer simulation is an extensively used numeric modeling technique for the analysis of highly complex flexible manufacturing systems (Cheng, 1985; Jain and Foley, 1986; Kalkunte et al., 1986) .
Since an FMS can be viewed as a discrete event system, the methods for modeling and control of such a system have been developed by using Petri nets (Ezpeleta et al., 1995; Viswanadham et al., 1990 ) max-plus algebra (Cuninghame, 1979) or, by using a matrix description approach (Lewis et al., 1998; Gurel et al., 2000) . There are research activities that follow the trend of graphically oriented design of FMS controllers. Good examples are the programs like Onika (Gertz and Khosla, 1994) , Robotica (Nethery and Spong, 1994) , OpenRob (Ge et al., 2000) , and the Robotics Toolbox for MATLAB, which are intended for the graphical design of systems for the control of robotized plants and which integrate already existing software modules for control of robot manipulators.
Petri-net has evolved into an elegant and powerful graphical modeling tool for asynchronous concurrent event-driven systems. The wide ranging application areas of Petri-net include communication protocols (Berthelot and Terrat, 1982; Diaz, 1982) , distributed systems (Ayache et al., 1982) , database (Voss, 1980) , complier and operating system (Baer and Ellis, 1977; Noe, 1971) , formal languages (Mandrioli, 1977; Peterson, 1976a,b) . In additional, Petri-net are very useful tool for modeling (Narakari and Viswanadham, 1985; Chin-Jung et al., 1992; Kimon, 1990) , simulation (Venkatesh et al., 1992) , and scheduling of discrete event systems (Bispo et al., 1992) , such as flexible manufacturing systems, and also for designing and implementing controllers for manufacturing (Crockett et al., 1987; Zhou et al., 1990) . Modeling and simulation of FMS is a field of research for many people now days. However, they all share a common goal; to search for solutions to achieve higher speeds and more flexibility and thus increase manufacturing productivity. From the design point of view, the use of nets has many advantages in modeling, qualitative analysis, performance evaluation and code generation.
In this research work, FMS is modeled with the help of Petri net and also it is modeled in Visual Slam AweSim to analyze its performance measures. In addition, the bottleneck technique has been applied to compare and verify the results obtained from the simulation techniques. Browne et al., 1984 defines FMS as an integrated computercontrolled system with automated material handling devices and CNC machine-tools and which can be used to simultaneously process a medium-sized volume of a variety of parts. Chan et al. (2007) presented a simulation study using Taguchi's method analysis of physical and operating parameters of the flexible manufacturing system along with flexibility. An approach is developed to study the impact of variations in the physical and operating parameters of an FMS and to identify the level of these variations. The physical and operating parameters of alternative resources may influence the system's performance with the changing levels of flexibility and operational control parameters such as scheduling rules. The results of simulation study shows that expected benefits may not be present when routing flexibility (RF) levels are increased with presence of the variations in physical and operating parameters. The increase in RF level becomes counterproductive under such environment when variations are above certain limits. It may be useful for decision maker to distinguish the level of flexibility up to which it can be gainfully increased under the presence of variations. Sarker et al. (1994) have presented a detailed classification for the types of manufacturing related flexibility as follows: routing flexibility (RF), machine, flexibility, process flexibility, expansion flexibility, job flexibility, design flexibility, material handling flexibility, setup time flexibility, and volume flexibility. Buitenhek et al. (2002) described that the design of these systems is an important issue of the expensive components of FMS. The design of FMS requires both the physical and the control aspects. Physical aspects includes the issues such as types and numbers of machines, material handling systems, processing times on a machine, machine setting time, tool changing time, transportation time, loading, unloading time, etc. and for the control aspects, the design involves defining the scheduling rules or algorithms that defines the way the system is to be operated. Gupta and Buzacott (1989) explained that the flexibility does not come from the abilities of machine alone; in fact flexibility is the result of a combination of factors like physical characteristics, operating decisions, information integration, and management practice. Flexibility is critical in providing the effectiveness to manufacturing system under different operating conditions. Bennett et al. (1992) identifies the factors crucial to the development of efficient flexible production systems, namely: effective integration of subsystems, development of appropriate controls and performance measures, compatibility between production system design and organization structure, and argues that the flexibility cannot be potentially exploited if its objectives are not defined and considered at design stage. Kumar et al. (2003) used an ant colony optimization approach for scheduling of FMS for a given level of flexibility. Wang and Yen (2001) considered the transportation times in automated material handling system for simulation study of dispatching rule performance. Chan (2001) used the simulation under Taguchi method to study the effect of RF on an FMS. Bruccoleri et al. (2003) suggested the simulation as a tool for defining the configuration of an FMS or a complex system. Shnits et al. (2004) used simulation of operating system as a decision support tool for controlling the flexible system to exploit flexibility. Tu¨ysu¨z and Kahraman (2009) presented an approach for modeling and analysis of time critical, dynamic and complex systems using stochastic Petri nets together with fuzzy sets. Santarek and Buseif (1998) introduced a method and tools for the design of automated manufacturing systems and their sequential controllers. The high level system design specification was developed using Structured Analysis and Design Technique (SADT) method and Design: IDEF software package. The interface is based on a number of transformation rules from an IDEF0 specification into a Petri net. Petri net is used to determine if the manufacturing system will operate in the desired manner. Petri nets are proven tools enabling analysis of concurrent processes performed with the use of shared resources (machines, equipment, operators, etc.) . SADT: IDEF0 represents activity oriented modeling approach. IDEF0 representation of a manufacturing system consists of an ordered set of boxes representing activities performed by the system. The activity may be a decision-making, information conversion, or material conversion activity. The inputs are those items which are transformed by the activity; the output is the result of the activity. The conditions and rules describing the manner in which the activity is performed are represented by control arrows. The mechanism represents resources (machines, computers, operators, etc.) used when performing the activity. IDEF0 was found to be a powerful descriptive tool that offers a number of features which make it easy to apply and easy to understand. It allows for a top down step refinement, using a graphical representation with few constructs and simple rules. IDEF0 is able to modify the existing system by adding a new constrains (machine, buffer, robot, etc.) without any essential change in the existing model. Standard PN's do not include any time concept. Therefore, with a standard PN it is possible to describe only the logical structure of systems, and not their time evolution. Viswanadham et al. (1990) investigated the use of Petri net (PN) models in the prevention and avoidance of deadlocks in flexible manufacturing systems. For deadlock prevention, a reachability graph of a Petri net model of the given FMS is used, whereas for deadlock avoidance, Petri net-based on-line controller is proposed. Deadlock handling can take two forms: deadlock prevention in which deadlocks are eliminated by static resource allocation policies and deadlock avoidance in which dynamic policies are employed to avert deadlocks just in time.
Literature survey
Tavana (2008) used Petri nets (PNs) for dynamic process modeling of the emergency management system at a nuclear power plant. PNs with their graphical and precise nature and their firm mathematical foundation are useful in reducing the number of false evacuations at the plant. Process models are widely used for decomposing organizational complexities, adapting best business practices, identifying process weaknesses, training end-users, and designing business blueprints.
As a graphical tool, PNs provide a visual medium for a modeler to describe a complex system. As a mathematical tool, PN models can be represented by linear algebraic equations, creating the possibility for the formal analysis of the model (Zurawski and Zhou, 1994) . Mathematical properties of PN can be classified into structural properties that depend on the net structure and behavioral properties that depend on the initial and subsequent markings. As a graphical tool, PNs are used to enhance communications and produce accurate and complete specifications while the mathematical properties of PNs are used to detect deadlock, overflow, and irreversible situations. Performance evaluation is also possible through mathematical analysis of the model using stochastic timed PNs. One of the strengths of PNs is their broad based applicability to a wide range of systems. Timed PNs are those in which places or transitions have time durations in their activities (Liu et al., 2007) . Stochastic PNs include the ability to model randomness in a situation, and also allow for time as an element in the PN (Murata, 1989; Lee et al., 2001) . Colored PNs allow the user and developer to witness the changes in places and transitions through the application of color-specific tokens, and movement through the system can be represented through the changes in colors (Chen et al., 2001) . Fuzzy PNs are used to model fuzzy rule-based reasoning to handle uncertain and imprecise information (Huang et al., 2008; Li and Lara-Rosano, 2000) . Sun and Fu (1994) proposed a systematic method to construct a timed place Petri-net model for modeling an FMS which is as an automatic Petri-net generator, with a graphic user interface, through which a user can input the system information of a practical FMS, such as the number of automated guided vehicles (AGVs), the number of machines, and their geometric relationship, as well as process flows of parts to be processed. This generator will then use the above information to generate the corresponding Petrinet model. Venkateswaran and Bhat (2006) reviews the difficulties in evolution of modeling the system, design of a controller and then their implementation using a programmable logic controller to a discrete event system. A model for investigating the development of an algorithm for fuzzy logic controller for supervisory control of a discrete event system is described. Such an algorithm is helpful to efficiently maintain an optimum throughput and energy requirements of the drives. This results in concise representation and handling of uncertainty in discrete event systems. Kovacˇic´et al. (2001) presented a concept to implement computer integrated tool for design and simulation of flexible manufacturing systems (FMS). A methodology is described for setting an FMS configuration that supports automatic generation of a matrix-based FMS description and consequently, enables effective off-site design and simulation of the FMS by using virtual reality models and web-related technologies. An integrated control system is presented for the intelligent processing of the acquired sensor data, graphically oriented setup of the FMS and dynamically linked automated multilevel control of FMS system. Delgadillo and Llano (2006) introduced a Petri net-based integrated approach, for simultaneously modeling and scheduling manufacturing systems. A prototype that simulates the execution of the production plan, and implements priority dispatching rules to solve the eventual conflicts, is presented. Such an application was tested in a complex flexible job shop-type system. Scheduling is a difficult task in most manufacturing settings due to the complexity of the system. Hence there is a requirement of powerful tools that can handle both modeling and optimization. Nandkeolyar and Christy (1989) interfaced a computer simulation model of an FMS with the Hooke-Jeeves algorithm to search an optimum design without full factorial experimentation. Some modifications of the HJ algorithm are carried out to accommodate the stochastic nature of computer simulation. The inter-relationships between FMS components are not well understood. Consequently, it has not been possible to develop closed form analytic models of FMSs. So, computer simulation has been extensively applied to study their performance.
After reviewing the above set of research papers it can be said that the design and modeling of the complex FMS is a difficult task using mathematical techniques, so the computer simulation seems to be a better option. Therefore, to check the accuracy of the results obtained from simulation techniques this research work has been carried out.
Overview of flexible manufacturing system
Flexible manufacturing system (FMS) is a class of manufacturing system that can be quickly configured to produce variety of products. Over the last few decades, the modeling and the analysis of FMSs has been closely studied by control theorists and engineers. An FMS is a production system where a discrete number of raw parts are processed and assembled by controlled machines, computers and/or robots (Ruiz et al., 2009) . It generally consists of a number of CNC machine tools, robots, material handling, automated storage and retrieval system, and computers or workstations. A typical FMS can fully process the members of one or more part families on a continuing basis without human intervention and is flexible enough to suit changing market conditions and product types without buying other equipment (the concept ''flexible'' can refer to machines, processes, products, routings, volume, or productions). The concept of FMS is credited to David Williamson, a British engineer employed by Molins during the mid 1960s. Molins applied for a patent for the invention that was granted in 1965. The concept was called System 24 then because it was believed that the group of machine tools comprising the system could operate 24 h a day. One of the first FMS installed in US was a machining system at Ingersoll-Rand Company (Luggen, 1991; Maleki, 1991; Mejabi, 1988) (Fig. 1) . There are three capabilities that a manufacturing system must possess in order to be flexible:
(1) The ability to identify and distinguish among different incoming part or product styles processed by the system. (2) Quick changeover of operating instructions. (3) Quick changeover of physical setup.
To qualify as being flexible the automated system should pass these four tests:
(1) Part variety test. The FMS has emerged as one of the revolutions in the manufacturing industries in recent years. It has made it possible to produce a variety of parts in less time and cost. The application of FMS in the current market scenario can satisfy the growing demands of variety, quantity and speed at the same time. The components of the FMS can be classified into two categories:
1. Hardware: machine tools, handling systems, guided vehicles, inspection center, robots, etc. 2. Software: software for FMS can further be classified into extrinsic and intrinsic functions.
Extrinsic functions are used to plan and control the functions that take place outside the physical boundaries of the FMS, e.g. production scheduling, process planning, maintenance planning, etc.
Intrinsic functions control the components within the physical boundary, e.g. production control, production monitoring, machine diagnostic, etc.
FMS mainly consists of following flexibilities: machine flexibility, operational flexibility, process flexibility, production flexibility, routine flexibility, etc. The performance of the system improves as the flexibilities increases. The different levels of manufacturing flexibility can be defined as follows:
(a) Basic flexibilities
Machine flexibility: machine's ability to adapt to a variety of products. Material handling flexibility: it is a measure of the system's ability with which different part types can be transported and properly positioned at the various machine tools. Operation flexibility: it measures adaptability to alternative operation sequences for processing a part type. (b) System flexibilities Volume flexibility: it measures system's capability to operate efficiently at different volumes of the part types. Routing flexibility: it is the system's ability to use multiple machines to perform the same operation on a part. It is a measure of the alternative paths that a part can effectively follow through a system for a given process plan. Figure 1 Flexible manufacturing system configuration.
Process flexibility: it is a measure of the volume of the set of part types that a system can produce without changing any setup. Product flexibility: the volume of the set of part types that can be manufactured in a system with minor setup.
(c) Aggregate flexibilities
Program flexibility: the ability of a system to run for long periods. Production flexibility: the volume of the set of part types that a system can produce without major investment in capital equipment. Market flexibility: the ability of a system to efficiently adapt to changing market conditions.
The case study presented in the paper mainly consists of two kinds of flexibilities machine flexibility and routine flexibility. A key issue in the FMS is the performance evaluation of the system. The better performance of the FMS results in reduced labor costs, increased output, decreased manufacturing costs, increased flexibility, and reduced production lead time. The major performance measures used in the study were machine utilization and overall productivity. Machine utilization increases as the jobs to be processed on the machine increases and a bottleneck machine has 100% utilization in the system. The machine utilization is measured by the number of hours it operates in the system to the total available hours in the system. The design and performance evaluation of the FMS system is a complex process and requires a thorough investigation. Three different methods have been proposed and compared in the presented case studies to evaluate the different cases of different FMS systems. The feasibility of the different techniques has also been reviewed in order to determine their successful application in the evaluation of FMS system.
Petri nets
Petri nets are a class of modeling tools, which were originated by Petri (Petri, 1962 (Petri, , 1976 , they have a well-defined mathematical foundation and easy to understand graphical feature. It is a powerful design tool which facilitates visual communication between people who are engaged in the design process. A Petri net is a directed graph consisting of three structural components -places, transitions, and arcs. Places which are drawn as circles represent possible states or conditions of the system while transition, which are shown by bars or boxes, describe events that may modify the system states. The relationships between places and transitions are represented by a set of arcs which are the only connectors between a place and a transition in either direction. The dynamic behavior of the system can be represented using tokens which graphically appear as black dots in places.
Manufacturing system is a discrete system. Hence any modeling has to be based on the concepts of events and activities. An event corresponds to a state change. When using Petri nets, events are associated with transitions. Activities are associated to the firing of transitions or/and to the marking of places. Queuing models can also be used for handling events and activities but synchronizations are difficult in these models. Hence Petri net is preferred. Analysis of the Petri net reveals important information about the structure and dynamic behavior of the modeled system. This information is used to evaluate the modeled system and suggest improvements of changes. Petri nets are used to model the occurrence of various events and activities in a system (Fig. 2) .
Properties of Petri nets
Petri nets as a mathematical tools possess several properties. These properties, when construed in the context of modeled system allow the system designer to identify the presence or absence of the application domain specific functional properties of the system under design. There are two types of properties for Petri nets: behavioral and structural. The behavioral properties are those which depend on initial state or marking of Petri nets while the structure properties do not depend upon the initial state but on the topology or net structure. Some of the behavioral properties are reachability, boundedness, conservativeness, etc.
Reachability
It is important property when designing a distributed system that whether a system has reached a particular state or not. A sequence of firings will result in a sequence of markings.
A marking M n is said to be reachable from a marking M 0 if there exists a sequence of firings that transforms M 0 to M n . A firing or occurrence sequence is denoted by r = t 1 , t 2 ...t n . In this case, M n is reachable from M 0 by r and we write (Murata, 1989) .
Boundedness
A Petri net (N, M 0 ) is said to be bounded if the number of tokens in each place does not exceed a finite number k for any marking reachable from M 0 , i.e. M(p) 6 k for every place p and every marking M e R(Mo). Places are frequently used to represent product and tool storage areas in manufacturing systems, etc. In manufacturing systems, attempts to store more Analysis of performance measures of flexible manufacturing systemtools, for instance, in the tool storage area may result in the equipment damage. The Petri net property which helps to identify in the modeled system the existence of overflows is the concept of boundedness.
Conservativeness
In real systems, the number of resources in use is typically restricted by the financial as well as other constraints. If tokens are used to represent resources, the number of which in a system is typically fixed, then the number of tokens in a Petri net model of this system should remain unchanged irrespective of the marking the net takes on. This follows from the fact that resources are neither created nor destroyed, unless there is a provision for this to happen. For instance, a broken tool may be removed from the manufacturing cell, thus reducing the number of tools available by one. A Petri net is conservative if the number of tokens is conserved. From the net structural point of view, this can only happen if the number of input arcs to each transition is equal to the number of output arcs.
Visual Slam AweSim
AweSim is a general-purpose simulation system which takes advantage of the latest in Windows technology to integrate programs. AweSim includes the Visual Slam simulation language to build network, sub network, discrete event, and continuous models. AweSim incorporates the Visual Slam modeling methodology. The basic component of a Visual Slam model is a network, or flow diagram, which graphically portrays the flow of entities (people, parts, information, etc.) through the system. A network is built interactively in AweSim by selecting symbols from a graphical palette and dragging them to the desired location with the mouse. On-line error checking is performed upon completion of the form so that input errors can be corrected immediately. AweSim also facilitates model building by providing context-sensitive help and search capabilities (O' Really, 1999; see Fig. 3 ).
Bottleneck technique
Important aspects of the FMS performance can be mathematically described by a deterministic model called the bottleneck model developed by Solberg (1981) . The bottleneck model is simple and intuitive but it has a limitation of a deterministic approach. It can be used to provide starting estimates of FMS design parameters such as production rate, number of work stations, etc. The term bottleneck refers to the fact that an output of the production system has an upper limit, given that the product mix flowing through the system is fixed. This model can be applied to any production system that possesses possess this bottleneck feature.
Terminology and symbols
Part mix, a mix of the various parts or product styles produced by the system is defined by p i . The value of p i must sum to unity.
The FMS has a number of distinctly different workstations n and s i is the number of servers at the ith workstation. Operation frequency is defined as the expected number of times a given operation in the process routing is performed for each work unit.
For each part or product, the process routing defines the sequence of operations, the workstations where operations are performed, and the associated processing time. 
The average of transport required completing the processing of a work part, n t
The workload of handling system, WL n+1
where t n+1 = Mean Transport time per move, min. The FMS maximum production rate of all part,
where WL * is workload min/Pc and S * = Number of machines at the bottle-neck station
The part (j) maximum production rate, R Ã pi , Pc/min. Figure 3 Nodes in AweSim.
7. Case studies 7.1. System description for case study 1
The system shown in the Fig. 4 consists of three robots, two machines, i.e. a drilling machine and a milling machine and an inspection center. The system also consists of two conveyors, conveyor in and conveyor out. The system has operational flexibility in the sense that two types of products are produced in the system using two different process operations. Type A product undergoes milling operation only whereas Type B product undergoes drilling and then milling. Both the parts are inspected before moving to conveyor out. Robot 2 loads the milling and drilling machine from conveyor in, and Robot 1 loads the part B onto the milling machine after it completes the drilling operation. It also unloads the milling machine. Robot 3 loads the inspection center. Material handling system consists of three robots, one conveyor and three work carriers with mean transport time = 5 min (see Table 1 ).
Solution methodology
Three types of techniques are applied to find the parameters of the given FMS; the two are simulation techniques and the one is mathematical technique. The simulation techniques are: Visual Slam AweSim and Petri net. The mathematical one is the bottleneck technique. The system is modeled in both simulation techniques and then the results are compared with the mathematical technique.
7.1.1.1. Visual Slam AweSim. The system is modeled in Visual Slam AweSim software in order to evaluate its performance. The network is shown in Fig. 10 .
The system is using different kinds of nodes such as create node, assign node, await node, free node, collect node, terminate node, goon node, etc. to describe the given system. The system starts with creating entities at an interval of 2 min. A goon node is used to divide in different sequence according to their operational requirements. In the await node, entities wait for the resources to be available. The system is using three resources of robots, one resource of milling machine and one resource of drilling machine each having a capacity of three. An inspection system is also present in the system. The system runs for 1 week working hours. To start a cycle, raw parts and the AVGs must be available. Then only firing will take place. The AVG carries a raw part from loading station to the process station according to the given sequence for the different parts. After the completion of an operation in one station the part is again carried by AVG to its next required station. At the end the part is carried to the unloading station.
Place representing the stations have tokens according to the number of machines they have. The Petri net model is simulated to get the overall productivity of the given system. The Petri net model is shown in Figs. 12 and 13. 7.1.1.3. Bottleneck technique. A C++ program has been developed to get the performance measures of the FMS system using bottleneck technique.
System description for case study 2
A four stations (A, B, C, and D) FMS is used to produce four parts (1, 2, 3, and 4) according the data given in Table 2 . Station A is the loading/unloading station, stations B and C are the process stations and station D is the inspection station. FMS runs for 16 h/day and 6 days a week (see Fig. 5 and Table 3 ).
There are two AGVs for parts movement between different stations.
Solution methodology
In this case study, the above mentioned three techniques are applied, i.e. bottleneck technique and two simulation techniques; Visual Slam AweSim and Petri net. 7.2.1.1. Visual Slam AweSim. The system is modeled in Visual Slam AweSim software in order to evaluate its performance. The network is shown in Fig. 11 .
The system is using different kinds of nodes such as create node, assign node, await node, free node, collect node, terminate node, goon node, etc. to describe the given system. The system starts with creating entities at an interval of 0.5 min. A goon node is used to divide in different sequence according to their operational requirements. In the await node, entities wait for the resources to be available. The system is using two resources for loading and unloading; three resources for process at station B, three resources for process at station B, one for inspection and two AVGs are used. The system runs for 500 min.
7.2.1.2. Modeling in Petri net. The system consists of four stations and two AGVs. Each station consists of several machines like station A has two machines, station B has three machines, station C has four machines, and station D has one machine.
To start a cycle, a raw part and the robot must be available. Then only firing will take place. The robot moves a raw part from the incoming conveyor and loads it to the machine Figure 5 Block diagram of considered FMS in case study 2. according to operation requirement. If the part requires the second operation, the second robot loads that part onto the next station. The operation is performed while the robot returns. The robot unloads the part from the machine and deposits it on the outgoing conveyor and returns. Two output places (counters) are introduced to count the number of Types A and B products generated. Place P1 has two tokens representing the two types of products. Each of drilling and milling machines has one token each representing their capacity which is one. Robots 1 and 2 also have capacities of one each therefore consisting of one token. The Petri net model is simulated to get the overall productivity of the given system. The Petri net model is shown in Figs. 14 and Then the utilization and overall productivity is compared as (Figs. 8 and 9 ):
There are large numbers of techniques such as simulation techniques, modeling techniques, mathematical programming which can be used to evaluate the performance of any FMS. To find the application and scope of these techniques two case studies of FMS is modeled and evaluated using Petri net, AweSim, and bottleneck technique and the results are compared. From the results it can be concluded that the performance obtained for a given system from the three techniques are very close to each other in the case study 1. In case study 2, there is more deviation between the results obtained from the mathematical technique and the simulation technique as the FMS considered in case study 2 is more complex than in case study 1. Still the difference in results obtained is not very significant hence it can be said that these techniques are applicable to any FMS system to evaluate and confirms its performance.
But for a complex system it is very difficult to analyze the performance measures using the mathematical techniques so it can be said that the simulation techniques are the better alternatives for evaluating the complex systems to save effort and time. Analysis of performance measures of flexible manufacturing system
